Visualizing fast physiological changes in small living cells, such as synaptic transmission in a neural circuit, is a fundamental problem in biology. Progress towards this goal is being made with the development of new types of protein sensor that can be targeted within cells and organisms. Addresses In many areas of biology, researchers would love dearly to be able to record activities of multiple, individual living cells, ideally in their natural context. Some progress towards this goal has been made with the development of fluorescent indicator dyes, which have revolutionized our understanding of cellular physiology by allowing continuous measurements of activities in living cells. At present, these dyes must be synthesized in vitro and introduced into cells by microinjection or as permeant esters. In many cases, it would be a significant advantage to be able to deliver the indicator dye to a specific cell population, but achieving this in general is a difficult problem. An elegant approach to this problem would be to encode protein-based sensors in DNA; in principle, such a protein-based sensor could be targeted in vivo by using gene transfer or some other molecular genetic appoach. Several recent papers describe initial steps towards the development of optically active proteins that can detect or perturb cellular activity.
A protein-based sensor should have some means of emitting light, through either luminescence or fluorescence. Miesenbock and Rothman [1] have exploited the light-emitting enzyme, Cypridina luciferase, to measure synaptic vesicle exocytosis in cultured cells. Synaptic vesicle exocytosis is a key event in the transmission of signals between neurons, so in principle a way of following the process in living cells could be used to monitor activity in a neural circuit. The core of the Miesenbock and Rothman sensor, Cypridina luciferase, is a member of a diverse class of enzymes that emit light in the presence of molecular oxygen and their substrate, luciferin. In the past twelve years, the genes for several luciferases have been cloned and expressed in mammalian cells, and in the case of firefly luciferase the protein has been crystallized and its structure determined by X-ray diffraction [2] . To make a sensor protein for monitoring synaptic vesicle exocytosis, Miesenbock and Rothman [1] constructed fusion proteins, dubbed 'synaptolucins', in which Cypridina luciferase was linked to proteins known to be associated with the synaptic vesicle -synaptotagmin and VAMP-2/synaptobrevin. These synaptolucin fusion proteins lock the luciferase enzyme into the lumen of the synaptic vesicle. Luciferase requires its substrate to generate light, and this was loaded into the extracellular medium, where the substrate is largely inaccessible to the intracellular luciferase molecules (but see below). The idea is that, when the vesicle fuses with the presynaptic membrane, luciferase is exposed to its substrate, catalyzing the emission of a stream of photons until the vesicle is re-internalized. Miesenbock and Rothman [1] infected cultured hippocampal neurons with a herpes virus vector carrying the gene for the synaptolucin fusion protein.
When the infected cells were depolarized with a high potassium solution, Miesenbock and Rothman [1] were able to record the light emitted by the activated synaptolucin and thus measure time-averaged synaptic activity levels.
Unfortunately, Miesenbock and Rothman [1] were not able to visualize individual vesicle fusion events. The sensitivity of the synaptolucin system is undermined somewhat by the permeability of cell membranes to the luciferin substrate. At saturating luciferin concentrations, vesicle fusion was not required for light emission, indicating that luciferin can diffuse into synaptic vesicles. This forced Miesenbock and Rothman [1] to reduce the luciferin concentration to approximately 3% of its saturating concentration. Engineering a luciferin substrate with a cleaner membrane partition, or a luciferase enzyme with greater affinity for its substrate, should recover at least an order of magnitude in signal strength; at saturating luciferin concentrations, photon emissions would be expected to increase about 35-fold. With greater signal size, it may be possible to detect individual vesicle fusion events in culture, and perhaps eventually to visualize averaged synaptic activity in vivo.
Other luminescent proteins have been retooled into physiological indicators. Aequorin is a calcium-sensitive photoprotein consisting of an apoprotein and a prosthetic group, coelenterazine. Rizzuto et al. [3] expressed recombinant aequorin in mammalian cells to measure calcium concentrations within the mitochondria. They directed the sensor to the sub-cellular organelle by attaching a targeting pre-sequence to the aequorin apoprotein, and reconstituted functional aequorin by incubating the cells in the presence of coelenterazine. When agonist was applied to the aequorin-expressing cells, calcium transients were induced in their mitochondria which could be visualized as the photoproteins discharged. Targeted aequorin has since been used by Rizzuto and others to measure calcium concentrations in the nucleus, the sarcoplasmic reticulum and the cytoplasmic rim just beneath the plasma membrane.
Both the luciferase and aequorin systems require substrates or cofactors to generate light. For example, Rizzuto et al. [3] had to incubate their transfected cells overnight in the presence of coelenterazine to charge the photoprotein, and photoemission slowly discharged the sensor population. A further drawback of these systems is that, relative to fluorescence, chemiluminescence generates very few photons and so can be difficult to image at high spatial or temporal resolution. An alternative approach is to re-engineer a naturally fluorescent protein, such as the green fluorescent protein (GFP) from Aequorea victoria. GFP has been widely used as a marker for gene expression [4] and can be targeted to specific classes of cells or sub-cellular organelles [5] . The crystal structure of GFP has recently been solved [6, 7] . Although naturally occurring GFP is rather insensitive to environmental variations, aided by knowledge of its three-dimensional structure, it will be possible to engineer environmentally sensitive GFP variants for use as protein sensors.
The few available GFP-based sensors exploit resonance energy transfer [8] between GFP variants of different colours. Resonance energy transfer is a process whereby, given appropriate excitation/emission spectra, one fluorescent molecule can be excited indirectly via a second fluorescent molecule. This is strongly dependent on the distance between, and relative orientation of, the two fluorescent molecules, and so can be used to amplify small steric changes into large changes in fluorescence. Thus, Heim and Tsien [9] and Mitra et al. [10] have used GFP to monitor protease activity in vitro. Both groups engineered protease consensus sequences into a synthetic linker connecting two GFP variants. Proteolytic cleavage at the consensus sequence disrupted energy transfer between the molecules, so that the proteolysis reaction can be monitored directly.
Romoser et al. [11] used the same technique to design a calcium-calmodulin-dependent fluorescent sensor. They engineered a calmodulin-binding sequence into the linker between two GFP variants; binding of calmodulin to the engineered fusion protein, which is dependent on calcium concentration, reduced energy transfer between the two GFPs. Romoser et al. [11] used this sensor to monitor cytosolic free calcium concentration by microinjecting the protein sensor along with calmodulin into mammalian cells. Ultimately, one would want to introduce the sensor genetically, and significant improvements in the sensor design should make this possible.
Optically-active proteins can also be used to manipulate cellular physiology with light. Nirenberg and Cepko [12] devised a clever cell-ablation technique to lesion specific classes of cells from a neural circuit. Their general approach is to engineer the target cells to express the gene for the enzyme β-galactosidase. To ablate the target cells, a fluorigenic, membrane-permeant β-galactosidase substrate is added to the tissue. Those cells expressing β-galactosidase cleave the substrate, unveiling its fluorescent moiety. Once labelled, the dye-filled cells can be killed by photodynamic damage. Using the technique, Nirenberg and Cepko [12] have ablated subclasses of amacrine cells in the retina, neurons in mouse cerebral cortex, rod photoreceptors and developing zebrafish embryos. One significant advantage of the technique is that β-galactosidase is a widely used reporter enzyme, so large numbers of mice and invertebrate strains are already available that selectively express β-galactosidase in specific classes of cells.
Genetically encoded sensors can be introduced into cells or organisms by DNA transfer techniques, including viral vectors or ballistic methods. Eventually, sensors will be delivered directly into transgenic animals, which could redefine the research tools used to make measurements from cellular ensembles. The central advantage of a genetically encoded probe is that it can be targeted in vivo using molecular biology. Targeting sequences and fusion proteins can be used to direct probes to specific sub-cellular organelles. Promoter sequences can be used to direct the expression of neural probes to specific times during development, specific types of neurons or specific brain regions. The possibilities here are subtle and largely unexplored.
